The model eukaryote Saccharomyces cerevisiae is well suited to investigate the causes of metabolic disturbance. PRPP [5-phospho-d-ribosyl-1(α)-pyrophosphate] may be regarded as a junction of carbon and nitrogen metabolism. As a result of this central position, perturbations in its synthesis can give rise to many unexpected cellular events, such as impaired cell integrity. We have taken advantage of S. cerevisiae's genetic tractability to investigate the metabolic links responsible for connecting the biochemical intermediate PRPP to apparently unrelated cellular functions. This approach provides insight into the co-ordination of different biological processes.
PRPP [5-phospho-d-ribosyl-1(α)-pyrophosphate] synthesis: an essential biochemical process
In light of its central role in cellular metabolism, the intermediate PRPP is well positioned to act as a good starting point for the investigation of metabolic networking. PRPP is required for the de novo and salvage synthesis of purine, pyrimidine and pyridine nucleotides and links carbon and nitrogen metabolism. The reaction catalysed is shown in Scheme 1 where it is also noted that PRPP is an essential part of histidine and tryptophan biosynthesis in bacteria and fungi [1] . In both mammals and the budding yeast Saccharomyces cerevisiae, Prs (PRPP synthetase; ATP:D-ribose-5-phosphate pyrophosphotransferase; EC 2.7.6.1) is active only as a heteromer, whereas in bacteria that possess only one PRS gene, the monomer is sufficient for activity [2] . The heteromeric nature of Prs in S. cerevisiae is a consequence of the fact that there are five paralogous genes, each of whose products carry the bivalent cation-and the PRPP-binding sites, characteristic of Prs polypeptides [3, 4] .
Unexpected phenotypes of prs∆ strains
Interestingly, S. cerevisiae strains carrying individual deletions of any of the five Prs-encoding genes displayed a variety of phenotypes [5] [6] [7] . In particular, deletions of PRS1 and/or PRS3 resulted in severe reduction in growth rate, enzyme activity and nucleotide content, whereas strains lacking PRS2, PRS4 or PRS5 are less affected in these parameters. Furthermore, prs1∆ and prs3∆ strains showed signs of impaired cell integrity since they were sensitive to caffeine.
In contrast, deletion of any of the other three Prs-encoding genes had little or no impact on this parameter, although a prs5∆ strain does exhibit a slight degree of caffeine sensitivity. Resistance to CFW (Calcofluor White) is encountered in deletions of PRS1 and PRS3. CFW is a fluorescent dye that intercalates with the cell-wall component chitin [8] . Indeed, the chitin content of prs1∆ and prs3∆ strains is approximately double that of the wild-type. On the other hand, deletion of PRS2, PRS4 or PRS5 had no influence on either chitin content or CFW resistance [6] .
The impact of PRS1-and PRS3-dependent PRPP synthesis on cell-wall construction and integrity is also supported by the fact that prs1∆ and prs3∆ and, to a lesser extent, prs5∆ strains are impaired in their viability following heat shock at 50
• C, whereas prs2∆ and prs4∆ behave as the wild-type (S. Vavassori, unpublished work).
During mating, there is a requirement for cell-wall synthesis and cell-integrity signalling; therefore it was no surprise that MATa prs1∆ and MATa prs3∆ strains exhibited sensitivity to the mating pheromone α-factor [6] . Deletion of any of the other three PRS genes had no impact on α-factor sensitivity.
Physical interactions of Prs polypeptides
The dichotomy, Prs1 and Prs3 versus Prs2, Prs4 and Prs5, observed in the phenotypes of strains from which they have been deleted is mirrored in the results of our exhaustive Y2H (yeast two-hybrid) analysis of the Prs gene products [7] . The results obtained are consistent with the existence of two (interacting) complexes, one consisting of Prs1 and Prs3 for which we also have supporting immunological data, and the other of Prs2, Prs4 and Prs5. Genetic evidence for these two postulated complexes is provided by the synthetic lethality resulting from simultaneous deletion of PRS1 and PRS5 or PRS3 and PRS5 [7, 9] . These Prs-Prs interactions have also been uncovered in high-throughput screens as have other potentially interesting interactions of Prs polypeptides with
Scheme 1 The reaction catalysed by Prs and fate of PRPP
Ribose 5-phosphate synthesized in the sugar pentose phosphate pathway is directed to the nucleotide-and amino acidsynthesizing pathways by the transfer of the terminal pyrophosphate group from ATP to the C1 -OH group of ribose 5-phosphate, giving rise to PRPP, which can then be utilized in the synthesis of purines, pyrimidines, pyridines, tryptophan and histidine.
Figure 1 The five Prs polypeptides interact with each other and other proteins
The Figure was compiled from the following sources: Prs-Prs interactions (light grey) [7] ; high-throughput Y2H interactions (grey) [10, 21] ; and affinity precipitation (black) [12] as described in the Saccharomyces Genome Database (http:// www.yeastgenome.org/), Bind (http://www.bind.ca) and Grid (http://biodata.mshri.on.ca).
other proteins (Figure 1 ). These results [10, 11] together with data obtained by affinity precipitation [12] suggested that members of the Prs2-Prs4-Prs5 complex interacted directly with a number of other proteins, e.g. Nuf2 or Rim11, or indirectly via the latter. Rim11, the yeast homologue of mammalian GSK-3 (glycogen synthase kinase 3) is involved in the regulation of several physiological responses and, in yeast, it is also involved in promoting the binding of the stress response protein Msn2 to DNA [13] . Y2H analysis in PJ69-4A [14] confirmed the interactions between Rim11 and Prs2 and between Prs3 and Prs5, with each of the three reporter systems responding positively (S. Vavassori, unpublished work). It is tempting to speculate that Rim11 plays a role in phosphorylation of Prs5, which was one of the eleven triply phosphorylated polypeptides found in the phosphoproteome analysis of S. cerevisiae [15] . We also confirmed that the spindle body protein Nuf2 [16] interacts with Prs2 and that it also interacts with Prs1, Prs3 and Prs5 but not with Prs4. Furthermore, Nuf2-Prs interactions are dependent on an intact Prs2-Prs4-Prs5 complex (K. Wang, unpublished work).
In addition to these interactions, we have demonstrated that the MAPK (mitogen-activated protein kinase) Mpk1/ Slt2 of the cell-integrity pathway interacted with Prs1 and Prs3 and, to a slightly lesser extent, with Prs2 [6] . Intriguingly, Western blotting revealed that, in prs1∆ and prs3∆ strains, Mpk1/Slt2 is, in contrast with the wild-type, hyperphosphorylated under ambient conditions, consistent with an impaired Prs1-Prs3 complex invoking activation of the cell-integrity pathway. Given the fact that Mpk1/Slt2 activates Rlm1, a target transcription factor of the cellintegrity pathway [17, 18] , by phosphorylation, it was unexpected that deletion of any one of the PRS genes caused a measurable reduction in Rlm1 activation. In prs1∆ and prs3∆ strains, Rlm1 activation is virtually abolished; in prs2∆ and prs4∆ strains, it is reduced to 20%, whereas deletion of PRS5 causes only a 30% reduction [6] . Rlm1 is always located in the nucleus, whereas Mpk1/Slt2 has both a nuclear and cytoplasmic localization [17, 19] . The reason why the signal is not transferred from Mpk1/Slt2 to Rlm1 in prs∆ strains is unclear. However, there is preliminary evidence that there may be a transient Y2H interaction of Rlm1 with Prs1 and Prs5 and, to a lesser extent, with Prs3 (K. Wang, unpublished work). A possible interpretation could be that Prs polypeptides may shuttle or be shuttled between the nucleus and cytoplasm. This interpretation may not be so farfetched since it has been shown that Prs3 interacts with Srp1, the α-importin subunit that mediates nuclear transport [11] , and Prs5 has been shown by affinity purification to interact with Yrb2, one of the three Ran GTPase-binding proteins responsible for the GTP/GDP nucleocytoplasmic gradient [20] (Figure 1 ). This work was supported by Heriot-Watt University, the Eda Lady Jardine Trust (S.V.) and the Henry Lester Trust Ltd (K.W.).
